ABSTRACT: Exploiting a high temperature chemical reactor, we explored the pyrolysis of helium-seeded n-decane as a surrogate of the n-alkane fraction of Jet Propellant-8 (JP-8) over a temperature range of 1100−1600 K at a pressure of 600 Torr. The nascent products were identified in situ in a supersonic molecular beam via single photon vacuum ultraviolet (VUV) photoionization coupled with a mass spectroscopic analysis of the ions in a reflectron time-of-flight mass spectrometer (ReTOF). Our studies probe, for the first time, the initial reaction products formed in the decomposition of n-decaneincluding radicals and thermally labile closedshell species effectively excluding mass growth processes. The present study identified 18 products: molecular hydrogen (H 2 ), C2 to C7 1-alkenes [ethylene (C 2 H 4 ) to 1-heptene (C 7 H 14 )], C1−C3 radicals [methyl (CH 3 ), vinyl (C 2 H 3 ), ethyl (C 2 H 5 ), propargyl (C 3 H 3 ), allyl (C 3 H 5 )], small C1−C3 hydrocarbons [methane (CH 4 ), acetylene (C 2 H 2 ), allene (C 3 H 4 ), methylacetylene (C 3 H 4 )], along with higher-order reaction products [1,3-butadiene (C 4 H 6 ), 2-butene (C 4 H 8 )]. On the basis of electronic structure calculations, n-decane decomposes initially by C−C bond cleavage (excluding the terminal C−C bonds) producing a mixture of alkyl radicals from ethyl to octyl. These alkyl radicals are unstable under the experimental conditions and rapidly dissociate by C−C bond β-scission to split ethylene (C 2 H 4 ) plus a 1-alkyl radical with the number of carbon atoms reduced by two and 1,4-, 1,5-, 1,6-, or 1,7-H shifts followed by C−C β-scission producing alkenes from propene to 1-octene in combination with smaller 1-alkyl radicals. The higher alkenes become increasingly unstable with rising temperature. When the C−C β-scission continues all the way to the propyl radical (C 3 H 7 ), it dissociates producing methyl (CH 3 ) plus ethylene (C 2 H 4 ). Also, at higher temperatures, hydrogen atoms can abstract hydrogen from C 10 H 22 to yield n-decyl radicals, while methyl (CH 3 ) can also abstract hydrogen or recombine with hydrogen to form methane. These n-decyl radicals can decompose via C−C-bond β-scission to C3 to C9 alkenes.
INTRODUCTION
Kerosene-based jet fuel JP-8 presents the single battlefield fuel for the US Air Force and Army equipment. It consists of several hundred hydrocarbons, which can be grouped into four main classes: (i) aliphatic "paraffins" (33−61% n-alkanes and isoalkanes; 1−5% olefins), (ii) monocyclic "paraffins" (10− 20%), (iii) alkyl-substituted benzenes (12−22%), and (iv) polycyclic aromatic hydrocarbons (PAHs) (10−20%); additives acting as fuel system icing inhibitors, corrosion inhibitors, and static dissipaters at the subpercent level complement the mixture. 1−11 Because of the chemical complexity of JP-8, engineering and combustion scientists have been searching for surrogate fuels that can reasonably represent the performance and emissions behavior of JP-8 jet fuel engines thus providing a baseline for performance and emissions. 12−23 The scientific community concluded that accurate modeling of the combustion of JP-8 jet fuel is currently not feasible due to the chemical complexity. Therefore, surrogate fuel and their mixtures are considered as a key step toward modeling and understanding the combustion of practical aviation fuel ( Figure  1) . 3,24−26 Single-component fuels are adequate for simple applications like combustion efficiency, while multicomponent surrogates are required for chemistry-dependent applications such as soot formation and emissions, combustion staging, and numerical modeling of flames.
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The development of these chemical kinetic models requires accurate input parameters and an intimate understanding of the very first processes, which initiate bond rupture processes in JP-8 surrogates, provide a pool of radicals, and control the autoignition, under realistic, combustion relevant physical conditions. 10,26,28−30 These are typically temperatures up to 1600 K and pressures up to a few atmospheres. In principle, the unimolecular decomposition and "pyrolysis" of these surrogates leads to smaller hydrocarbon molecules and reactive transient species, among them aliphatic radicals, resonantly stabilized free radicals (RSFRs), and aromatic radicals (ARs), which initiate and drive the complex chemistry in the combustion of JP-8 based jet fuel. Here, the initial decomposition chemistry is often dubbed as "delivering the building blocks" for the oxidation of JP-8 based jet fuel. Nevertheless, despite decades of research, the fundamental question "What are the basic, most fundamental processes, which initiate the combustion of JP-8 based jet fuel?" has not been resolved to date, predominantly because well-defined experimentally derived mechanistic information and identification of the nascent pyrolysis products are lacking with about 95% of the reaction pathways in models being "assumed"; this even holds for sophisticated chemical kinetic models of n-alkane surrogates such as n-decane and ndodecane. 31−37 However, detailed data on the mechanism and products formed in the initial decomposition steps of JP-8 based fuel components are crucial to elucidate the underlying reaction mechanisms how JP-8 based engines are operating. Therefore, an innovative approach is carried out here to investigate the decomposition ("pyrolysis") of prototype JP-8 jet fuel surrogates and to probe the nascent product(s) together with the underlying mechanisms comprehensively thus advancing the current understanding of these fundamental, elementary processes, which initiate and drive the complex chemistry in the combustion of JP-8 based jet fuel.
We describe the complex processes that JP-8 surrogates undergo upon pyrolysis with a survey of previous results. Malewicki and Brezinsky 38 conducted high pressure (14 440 to 56 240 Torr) n-decane and n-dodecane pyrolysis and oxidation experiments in shock tubes (Tables 1 and S1 in the Supporting Information). Qi et al. 39 presented a comprehensive study on ndecane pyrolysis and oxidation at 5, 30, 150, and 760 Torr along with premixed laminar flames at equivalence ratios of 0.7, 1.0, and 1.8. In both experiments, tunable vacuum ultraviolet photoionization mass spectrometry (VUV-PIMS) 40 −48 was exploited to identify and to quantify the species formed. Zeppieri et al. 49 set up a series of n-decane oxidation and pyrolysis experiments in the Princeton Atmospheric pressure flow reactor. For pyrolysis studies, the authors exploited 1060 K at a pressure of 760 Torr and inlet mole fraction of n-decane to be 1456 ppm. Zhou et al. 50 presented an experimental and modeling investigation of n-decane pyrolysis at supercritical pressures at the temperature range from 773 to 943 K and pressures of 22 500, 30 000, and 37 500 Torr. This study exposed that n-decane was mainly consumed via hydrogen abstraction reactions followed by β-scission to form smaller C1 to C6 products. They also conducted pressure-dependent flow reactor experiments of the pyrolysis of n-decane exploiting VUV-PIMS to identify the species and their mole fractions. 51 Finally, Jiang et al. 52 investigated the thermal decomposition of n-decane at supercritical pressures in a flow reactor detecting multiple hydrocarbons from C1 to C10. In summary, previous studies were conducted at temperatures from 773 to 1731 K, pressures covering 35 to 39 603 Torr, and residence times up to 7600 ms (Tables 1 and S1 ). Note that mechanistic studies were also carried out by shifting the focus from "macroscopic" setups (shock tubes, jet-stirred reactors, flames) to the "microscopic" level (molecules). Two studies probed the decomposition rates of n-decane between 918 and 958 K 53 and from 713 to 793 K. 54 However, the activation energies of the C−C bond rupture processes differed greatly from 260 to 111 kJ mol
; products were not sampled in these experiments.
Besides the experimental studies as compiled in Tables 1 and  S1 , high-level theoretical data on the structure and energetics of the surrogate molecules and their decomposition products are sparse owing to their relatively large molecular size. Multiple combined experimental and theoretical studies devoted to the conformational stability and the molecular shape, rotational constants, and ionization energies of n-decane and n-dodecane were conducted. 55 Considering the thermochemical properties, density functional theory (DFT) calculations were performed to evaluate the enthalpy of formation of n-decane and n- dodecane together with their C−C bond dissociation energies. 56 The MPW1B95/6-311G(d,p) method was found to compute the enthalpies of formation along with the C−C bond dissociation energies satisfactorily. Also, Hirao and coworkers revealed via calculations of isodesmic reaction energies of alkanes including those of n-decane that the use of conventional DFT reveals errors of up to 3 kJ mol −1 for ndecane. 57 These errors originate mainly from the limited description of intramolecular van-der-Waals interactions and might be overcome by exploiting long-range corrected DFT methods or even coupled cluster based approaches.
Finally, we would like to address briefly modeling studies on the JP-8 surrogate n-decane. Ranzi et al. 58 generated a widerange kinetic modeling study of the pyrolysis, partial oxidation, and combustion of n-alkanes including n-decane, n-dodecane, and n-hexadecane. The model was developed from the complete set of primary propagation reactions via the MAMOX++ program code, which is used for automatically generating all of the primary decomposition and oxidation steps of normal and branched paraffins. 59 The proposed lumping technique simplified the description of the primary products and resulted in an easier description of the successive reactions of the intermediates. Westbrook et al. 60 developed detailed kinetic mechanisms for the pyrolysis and oxidation of n-alkanes up to n-hexadecane (C 16 H 34 ) with both low-and hightemperature reactions considered. These authors tested the mechanisms against several experimental data including oxidation in a jet-stirred reactor, shock tube ignition, and flow reactor oxidation.
38,39,50,51,61 Dooley et al. 61 set up a detailed kinetic model incorporating mechanisms for toluene, nalkane, isoalkane, and C1−C4 species, in which the mechanisms of the n-alkane was taken from Westbrook et al. 60 The model by Dooley et al. was revised by Malewicki et al. 38 to predict the high pressure shock tube pyrolysis and oxidation of n-decane. Qi et al. 39 also set up a new detailed kinetic model of n-decane pyrolysis and combustion with 234 species and 1452 reactions and validated the model with several literature experimental data including flow reactor, shock tube reactor, premixed laminar flame, counterflow diffusion flame, laminar flame speed, and ignition delay times. This work was a comprehensive experimental and modeling investigation on ndecane, unravelling its pyrolysis and oxidation properties at both low and high pressures. Finally, Jia et al. 51 assembled the sub mechanisms of n-decane 39 and nitromethane to simulate the flow reactor for n-decane pyrolysis initiated by nitromethane.
However, the summary of the previous studies suggests that an understanding of the unimolecular decomposition of single component JP-8 fuel surrogates (Figure 1 and Tables 1 and  S1 )even as simple as n-decaneis incomplete both from the experimental and theoretical viewpoints. Whereas these investigations yielded valuable information on the formation of closed-shell hydrocarbon intermediates and products, these species were mainly analyzed off-line and ex situ (HPLC, GC MS); neither HPLC nor GCMS can sample radical transient species nor thermally labile closed-shell molecules. Therefore, the "molecular inventory" might have been altered since its formation, crucial reaction intermediates cannot be sampled, and detailed information on the reaction mechanismsthe role of radicals and intermediatescannot always be obtained, but are at best inferred indirectly and qualitatively. Likewise, a simultaneous online and in situ probing of all transient species and closed-shell products via laser techniques or spectroscopy is currently beyond the scope of any simulation experiment; recall that spectroscopic detection schemes like laser-induced fluorescence (LIF) and Rydberg tagging (H, D, O) are restricted to species with well-established spectroscopic fingerprints, which are typically smaller, di-and triatomic species. It is therefore not surprising that the present kinetic models of the pyrolysis of surrogate fuels, such as for example those for nalkanes 60 are mostly based on the thermochemical data and activation energies estimated from group additivity schemes or from molecular dynamics simulations with empirical reactive force fields like ReaxFF. 62 On the basis of these considerations, a novel methodology to investigate the unimolecular decomposition of JP-8 fuel surrogates is necessary. This approach requires probing the open-and closed-shell products online and in situ without changing the initial "molecular inventory" and exploiting versatile, nonspectroscopic detection systems so that the complete product spectrum can be sampled quantitatively. These studies will be combined with electronic structure calculations to yield a unified picture on the temperature and pressure dependent decomposition mechanisms of JP-8 jet fuel surrogates.
The present investigation represents the first in a series of combined experimental and theoretical studies to probe the pyrolysis and decomposition of prototype JP-8 jet fuel surrogates: n-decane (C 10 H 22 ). Here, the pyrolysis is explored in a high temperature chemical reactor, in which the decomposition of jet fuel surrogates can be probed systematically under combustion-like temperatures up to 1600 K. 63 The nascent product distribution -including radicals and thermally labile closed-shell species -are probed online and in situ in a supersonic molecular beam exploiting soft photoionization with single photon VUV light followed by a mass spectroscopic analysis of the ions in a ReTOF. 63−72 By limiting the residence time in the reactor to a few microseconds, we aim to probe the initial reaction products and attempt to exclude successive (higher order) reactions of the initially formed species, which may lead to molecular mass growth processes. Finally, by carrying out molecular beam experiments and combining these studies with electronic structure calculations, we elucidate data on the products, their branching ratios, and reaction mechanisms involved in the decomposition of JP-8 surrogates over a broad range of combustion-relevant temperatures and pressures.
EXPERIMENTAL APPROACH
The experiments were conducted at the Advanced Light Source (ALS) at the Chemical Dynamics Beamline (9.0.2.) exploiting a "pyrolytic reactor". 63−73 Briefly, the high temperature chemical reactor consists of a resistively heated silicon carbide (SiC) tube of 20 mm in length and 1 mm inner diameter. A gas mixture at a pressure of 600 Torr containing 0.022% decane (C 10 H 22 ) (Aldrich; 99%+) in helium carrier gas (He; Airgas; 99.999%) is prepared by bubbling helium gas through n-decane stored in a stainless-steel bubbler held at 268 ± 1 K; at this temperature, ndecane has a vapor pressure of 0.132 Torr. The gas mixture was introduced into a SiC tube held at distinct temperatures from 1100 K to 1600 ± 5 K in steps of 100 K, as monitored by a Type-C thermocouple. After exiting the pyrolytic reactor, the molecular beam, containing the pyrolysis products, passes a 2 mm skimmer and enters a detection chamber containing a Wiley−McLaren ReTOF mass spectrometer. The products were then photoionized in the extraction region of the spectrometer by exploiting quasi-continuous tunable vacuum
The Journal of Physical Chemistry A Article ultraviolet (VUV) synchrotron light and detected with a microchannel plate (MCP). Here, mass spectra were taken in 0.05 eV intervals from 8.00 to 11.50 eV. A set of additional mass spectra was also measured at 15.5 eV to determine hydrogen and methane yields, which cannot be ionized at 11.5 eV. The photoionization efficiency (PIE) curves, which report the intensity of a single mass-to-charge ratio (m/z) versus the photon energy, were extracted by integrating the signal collected at a specific m/z selected for the species of interest over the range of photon energies in 0.05 eV increments and normalized to the incident photon flux. The supersonically cooled nature of the beam of the product molecules presents a crucial prerequisite for their detection since they are rotationally and vibrationally cooled in the expansion. The residence time of n-decane in the reactor tube (20 mm) under our experimental condition are tens of μs. Pressures in the reactor were suggested at axial distances of 10 mm and 15 mm from the inlet to drop to about 60% and 30% of the inlet pressure. 74 This would result in typically three to four (1600 K) collisions of a decane molecule with the helium atoms at these distances. In Qi's work, 39 the authors presented a comprehensive studies on n-decane pyrolysis and n-decane oxidation both experimentally and theoretically. With longer residence times and enhanced initial concentrations of n-decane, bimolecular reactions play a significant (unwanted) role in the fuel consumption.
PIE curves are the most important features for the synchrotron vacuum ultraviolet photoionization mass spectrometer diagnosis method in combustion studies. 41,46,48,75−77 The PIE curves are exploited to unambiguously identify decomposition intermediates including radicals and closedshell products. In this work, the PIE curves were extracted in the energy range from 8.0 to 11.5 eV, which covers the ionization energies (IE) of most species generated in the pyrolysis process except molecular hydrogen (IE = 15.40 eV) and methane (IE = 12.61 eV). If only one species contributes to the signal at a selected m/z, this species can be identified just based on the comparison between the experimentally recorded PIE and literature data. However, if several species contribute to the PIE, it has to be fit by a linear combination of multiple isomers which can contribute to the specific m/z. In this work, the PIE curves are taken from ref 78 . For each temperature, the PIE scans were recorded three times and averaged; the experimental uncertainties were derived within one sigma as shown in the shaded areas in Figures 3−9 .
In order to calculate the branching ratios of the products, the following relationship between the integrated ion intensity of species i (S i (T,E)) normalized by photon flux, the mole fraction (X i (T)), the photoionization cross section of species i at a selected photon energy (σ i (E)), and the mass discrimination factor (D i ) has to be accounted for:
At a well-defined temperature, eq 1 can be transformed to eqs 2 and 3 essentially expressing the relationship between the mole fraction of species i and j,
The branching ratios R i of the products can be then computed via eq 4:
In this work, the branching ratios were determined for selected photoionization energies of 9.0, 9.5, 10.0, 10.5, 11.0, 11.5, and Experimental photoionization efficiency (PIE) curves (black lines) recorded from the decomposition of n-decane at 1100 K along with the experimental errors (gray area) and the reference PIE curves (red, green and blue lines). In the case of multiple contributions to one PIE curve, the red line represents the sum of all the contributions to the overall fit.
The Journal of Physical Chemistry A Article 15.5 eV with data obtained at 15.5 eV used to calculate the branching ratios of methane and hydrogen. The mass discrimination factors were taken from ref 73 . The uncertainties of the photoionization cross sections of 15−20% were also taken into consideration. 75 In this work, the uncertainties of the cross section are chosen as 20%. For the allyl radical (C 3 H 5 ), the literature PIE curve was found to be limited in photon energy range. Therefore, a new PIE scan for the allyl radical was recorded to collect a PIE curve from 7.5 to 11.5 eV. For this, allyl iodide (C 3 H 5 I, Sigma-Aldrich, 98%) was seeded in 600 Torr of helium carrier gas at a fraction of 0.0025% allyl iodide. The PIE curve was extracted for m/z = 41. The temperature of the SiC tube was kept at 827 K to cleave the C−I bond of allyl iodide to generate the allyl radical.
COMPUTATIONAL METHODS
Geometries of n-decane and its primary and secondary decomposition products as well as transition states for secondary decomposition reactions (isomerizations and C−C and C−H bond β-scissions) and for direct hydrogen atom abstractions by hydrogen atoms have been optimized using the density functional B3LYP method with the 6-311G(d,p) basis set. Vibrational frequencies of various local minima and transition states have been computed at the same level of theory. Relative energies for all species have been refined by single-point calculations at the G3(CCSD,MP2) level of theory, 79−81 which included the empirical higher level correction (HLC), 81 using B3LYP/6-311G(d,p) optimized geometries and including zero-point vibrational energy corrections (ZPE) also obtained at B3LYP/6-311G(d,p). The inclusion of the HLC increases the calculated strengths of C−H bonds by 7 kJ mol −1 , decreases relative energies of transition states and products for the C 10 H 22 + H → C 10 H 21 + H 2 hydrogen atom abstraction reactions also by 7 kJ mol
, is insignificant for C−C bond cleavages, and zero by definition for C−C bond β-scissions. The G3(CCSD,MP2)//B3LYP theoretical level is expected to provide the energetic parameters with "chemical accuracy" within 3−6 kJ mol −1 in terms of average absolute deviations. 81 The ab initio calculations were performed using the GAUSSIAN 09 82 and MOLPRO 2010 83 program packages. Rate constants for various primary and secondary reactions involved in the pyrolysis of n-decane have been computed by solving the one-dimensional master equation 84 employing the MESS package. 85 Here, rate constants k(T) for individual reaction steps were calculated within RRKM (unimolecular reactions) or transition state theory (TST, bimolecular reactions) generally utilizing the rigid-rotor, harmonic-oscillator (RRHO) model for the calculations of partition functions for molecular complexes and transition states. Collisional energy transfer rates in the master equation were expressed using the "exponential down" model, 86 with the temperature dependence of the range parameter α for the deactivating wing of the energy transfer function expressed as α(T) = α 300 (T/300 K) n , with n = 0.86 and α 300 = 228 cm −1 obtained earlier from classical trajectories calculations as "universal" parameters for hydrocarbons in the nitrogen bath gas. 87 We used the Lennard-Jones parameters (ε/cm −1 , σ/Å) = (237, 5.02) for the n-decane/ nitrogen system derived by Jasper et al. 87 based on the fit of results using the "one-dimensional optimization" method. 88 For β-scission reactions of smaller 1-alkyls we employed LennardJones parameters for the corresponding n-alkane/N 2 combinations also derived by Jasper et al. 87 Two issues are challenging in rate constant calculations, the treatment of barrierless reactions, such as the C−C and C−H single bond cleavages in the original n-decane molecule, and the description of multiple (and often coupled) hindered rotors in the molecule and radical products, which possess a large . Experimental photoionization efficiency (PIE) curves (black lines) recorded from the decomposition of n-decane at 1200 K along with the experimental errors (gray area), and the reference PIE curves (red, green and blue lines). In the case of multiple contributions to one PIE curve, the red line indicates the sum of contributions. For m/z = 41, there may be photoionization fragments from products causing the experimental values to be higher than the fitting at higher photon energies.
The Journal of Physical Chemistry A Article number of single bonds. Since our goal here is not quantitative prediction of reaction rate constants but rather qualitative evaluation of relative yields of various products at different stages of the pyrolysis in order to account for the observed experimental results, we utilized a number of approximations to address these issues. First, the barrierless single-bond cleavage reactions were treated using phase space theory with the empirical potential energy parameters selected in such a way that the calculated rate constants for the reverse C x H y + C 10-x H 22-y and C 10 H 21 + H radical recombination reactions reproduce the rate constants for the prototype C 2 H 5 + C 2 H 5 and C 2 H 5 + H reactions in the experimental 1100−1600 K temperature interval studied earlier by Klippenstein and coworkers 89, 90 using the most accurate up-to-date theoretical approach, variable reaction coordinated transition state theory (VRC-TST). Second, the hindered rotor treatment was applied only to smaller C 3 H 7 and C 4 H 9 radicals while dealing with their β-scission reactions. For these species, soft normal modes were visually examined and those representing internal rotations were considered as one-dimensional hindered rotors in partition function calculations. For larger alkyl radicals, C 5 H 11 , C 6 H 13 , C 7 H 15 , C 8 H 17 , and C 9 H 19 , only terminal CH 2 , CH 3 , and C 2 H 4 rotations were treated as hindered rotors, whereas all other convoluted rotations were treated as harmonic oscillators. One-dimensional torsional potentials were calculated by scanning PESs at the B3LYP/6-311G(d,p) level of theory. For comparison, we also performed calculations of the same rate constants in pure RRHO approximation and found that the replacement of harmonic oscillators with hindered rotors increases the β-scission rate constants by 8− 41% at 1000 K, but the difference drops to only 2−25% at 1600 K. For n-decane and decyl radicals, visual identification of internal rotations is not practically possible because those are coupled with one another and with other types of motions. Therefore, these species were treated within RRHO keeping in mind the above-mentioned error bars in rate constants. At the same time, the expected errors in ratios of rate constants are expected to be smaller than the errors in their absolute values due to cancelations of similar inaccuracies. Hence we anticipate that the relative product yields are predicted by our calculations with higher accuracy.
EXPERIMENTAL RESULTS
Characteristic mass spectra of the products of the pyrolyzed decane precursor (C 10 H 22 , m/z = 142) collected at 10.00 eV photoionization energy are compiled in Figure 2 from 1100 to 1600 K. The data provide evidence of ion counts from mass-tocharge ratios m/z = 15 to 98 along with parent ions of the ionized n-decane precursor at m/z = 142. No ion counts higher than m/z = 142 are observable at any temperature suggesting that mass growth processes under our experimental conditions are absent. This requirement is crucial for the extraction of the initial pyrolysis products of n-decane. The newly detected m/z Figure 5 . Experimental photoionization efficiency curves (PIE, black lines) recorded from the decomposition of n-decane at 1300 K along with the experimental errors (gray area), and the reference PIE curves (red, green and blue lines). In the case of multiple contributions to one PIE curve, the red line indicates the sum of contributions. For m/z = 41 and 54, there may be photoionization fragments from products causing the experimental values to be higher than the fitting at higher photon energies.
The Journal of Physical Chemistry A Article together with the molecular formulas and assignments of the products are listed in Tables 2 and 3 ; the corresponding PIE curves along with the best fits are visualized in Figures 3−9 for all temperatures between 1100 K and 1600 K. To elucidate the nature of the products formed, the individual PIE curves from m/z = 15 to 142 were fit with (a linear combination of) known PIE curves of the corresponding structural isomers. In all figures, the black line represents the average of the experimental PIE scans; the shaded areas define the experimental uncertainties. The best fits are reported by red lines. If multiple literature PIE curves were required to fit the experimental data, blue, green and purple lines refer to these individual PIE curves. Literature PIE curves were taken from the photoionization cross section database 78 and are individually referenced. As detailed in the Experimental Approach, the experimentally determined ratios of the ion counts were corrected for the absolute photoionization cross sections as compiled in Table 4 . It should be noted that care has to be taken to fit the PIE curves at higher photon energies beyond 10.5 eV, as the photolysis of n-decane generates multiple fragment ions via dissociative photoionization of the parent ion; these fragment ions are labeled as n-decane f ragment in Figures 3−9 . The detailed analysis of the temperature dependence of the PIE curves (Figures 3−9) as outlined above reveals interesting results.
(1) The intensity of the parent ion of n-decane (m/z = 142) decreases as the temperature rises from 99.6% (1100 K) via 88.7% (1200 K), 63.4% (1300 K), and 3.7% (1400 K) and eventually vanishes at 1500 K. This suggests that the decomposition of the n-decane precursor is complete at 1500 K, under these detection conditions. (2) As compiled in Table 3 , as the temperature increases, the number of pyrolysis products first rises from only three C2 to C4 alkenes (ethylene (C 2 H 4 ), propene (C 3 H 6 ), 1-butene (C 4 H 8 )) at 1100 K to nine (1200 K), 12 (1300 K), and 15 C1−C6/C1-C4 products (1400, 1500 K) before ultimately decreasing to 11 C1−C4 products (1600 K). This trend suggests that as the temperature increases beyond 1400 K, the enhanced temperature leads to a degradation of the initial higher molecular weight products such as the C5 and C6 hydrocarbons. The mole fractions of the species observed were provided in Table S2 in the Supporting Information. (3) We have identified 18 C0 to C7 products, which can be arranged into six groups. (i) a homologues series of Figure 6 . Experimental photoionization efficiency (PIE) curves (black lines) recorded from the decomposition of n-decane at 1400 K along with the experimental errors (gray area), and the reference PIE curves "(red, green, blue and purple lines). In the case of multiple contributions to one PIE curve, the red line resembles indicates the sum of contributions the overall fit. Figure 7 . Experimental photoionization efficiency (PIE) curves (black lines) recorded from the decomposition of n-decane at 1400 K along with the experimental errors (gray area), and the reference PIE curves (red, green, and blue lines). In the case of multiple contributions to one PIE curve, the red line indicates the sum of contributions. The appearance energies (ionization onsets) of these products as determined in our experiments agree very well with the adiabatic ionization energies as compiled in Table 5 with deviations of typically 0.05 eV in cases of excellent signal-to-noise ratios of the PIE curves, but not more than 0.08 eV. Among these species, it is important to highlight that this technique is ideally suited to detect C1 to C3 radical species as pyrolysis products, among them the vinyl (C 2 H 3 ) and the ethyl (C 2 H 5 ) radical being detected for the first time in n-decane pyrolysis experiments. (4) Table 3 and Figure 10 quantify that ethylene (C 2 H 4 )
represents the major decomposition products of ndecane over the complete temperature range increasing from about 40% to 63% from 1100 K to 1500 K. It is important to highlight that simultaneously the branching ratios of the chemically related ethyl radical (C 2 H 5 ) decrease from about 15% at 1200 K to less than 0.2% at 1500 K. In the range of 1200−1500 K, the combined branching ratios of ethylene and the ethyl radical stay essentially constant with only a slight rise covering about 58% to 63% of the products formed in the pyrolysis of ndecane. Both acetylene (C 2 H 2 ) and the vinyl radical (C 2 H 3 ) represent only minor products of 3% at most (1600 K). Besides these C2 products, propene (C 3 H 6 ) with branching ratios decreasing from about 22% (1100 K) to 6% (1600 K) represents the most prominent C3 product. The C3 closed-shell products allene and methylacetylene (C 3 H 4 ) along with the C3 radicals propargyl (C 3 H 3 ) and allyl (C 3 H 5 ) only contribute a total from about 1% (1200 K) to 6% (1500 K) to the total branching ratio before declining to about 3% as the temperature rises to 1600 K. The branching ratios of the C4 to C7 alkenes steadily decrease as the temperature rises from 1100 to 1600 K, suggesting that these alkenes decompose in consecutive processes. Therefore, this trend proposes that the C4 to C7 hydrocarbons can be classified as reaction intermediates. As a matter of fact, at 1500 K, 1-pentene, 1-hexene, and 1-heptene are completely decomposed and hence undetectable. At 1600 K, among the C4 to C7 products, only C4 species including 1,3-butadiene (C 4 H 6 ), 1-butene (C 4 H 8 ) and 2-butene (C 4 H 8 ) survive at fractions of less than 1%. Finally, it should be noted that we detected molecular hydrogen along with the methyl radical (CH 3 ) and methane (CH 4 ). In Figure 10 and Table 3 , molecular Figure 8 . Experimental photoionization efficiency (PIE) curves (black lines) recorded from the decomposition of n-decane at 1500 K along with the experimental errors (gray area), and the reference PIE curves (red, green, and blue lines). In the case of multiple contributions to one PIE curve, the red line indicates the sum of contributions.
The Journal of Physical Chemistry A Article Figure 9 . Experimental photoionization efficiency (PIE) curves (black lines) recorded from the decomposition of n-decane at 1600 K along with the experimental errors (gray area), and the reference PIE curves (red, green, and blue lines). In the case of multiple contributions to one PIE curve, the red line indicates the sum of contributions. The Journal of Physical Chemistry A Article hydrogen and acetylene present an abrupt increase due to the overheating in the pyrolysis consuming the intermediates to yield the final products. (5) The branching ratios as compiled in Table 3 allow us to determine the overall mass balance of the experiments. The overall carbon-to-hydrogen (C/H) ratio is plotted in Figure 11 versus the temperature. The error bars are relatively large due to the photoionization cross section uncertainties of up to 20%. 75 The expected C/H ratio of 0.45 is fully recovered at 1100 K suggesting that the mass balance is conserved; this is likely due to the fact that only three pyrolysis products ethylene (C 2 H 4 ), propene (C 3 H 6 ) and 1-butene (C 4 H 8 ) with well-characterized photoionization cross sections are detected (Tables 4  and 5 ). As the temperature rises, the C/H ratio profile diverges a little from the expected ratio of 0.45, but the error bars still cover the constant line at 0.45 in the whole temperature range.
COMPUTATIONAL RESULTS
In order to understand the mechanism of n-decane pyrolysis and to account for the products observed experimentally, we computed first the potential energy diagrams for the unimolecular decomposition of n-decane (C 10 H 22 ) along with the primary products. The n-decane molecule can break apart a Note: As there is no cross section database of 1-heptene, its branching fraction cannot be calculated. Therefore, the normalized ion count intensities of 1-heptene at 10.0 eV are listed in the last row to reveal the trend of 1-heptene formation from 1100 to 1600 K. The Journal of Physical Chemistry A Article by initial cleavage of various C−C reaction R1) and C−H bonds (reaction R2 producing pairs of 1-alkyl radicals and ndecyl radicals plus a hydrogen atom, respectively. Figure 10 . Overall branching ratios of the species detected during the decomposition of n-decane at temperatures from 1100 to 1600 K.
The Journal of Physical Chemistry A , with the C2−C3 bond being the weakest and the C4−C5 bond being the strongest. However, the differences in the C−C bond strengths are rather small and hence it is reasonable to expect that all product pairs, CH 3 + C 9 H 19 , C 2 H 5 + C 8 H 17 , C 3 H 7 + C 7 H 15 , C 4 H 9 + C 6 H 13 , and C 5 H 11 + C 5 H 11 , can be in principle formed. Alternatively, the strengths of C−H bonds appeared to be significantly higher, in the 406−418 kJ mol −1 range (Figure 12 ). Here, primary C1−H bonds in terminal CH 3 groups are the strongest and secondary C−H bonds in CH 2 groups vary in a very narrow interval of 406−408 kJ mol −1
. These results are consistent with the corresponding experimental C−C and C−H bond strengths in n-butane, propane, and ethane evaluated based on enthalpies of formation at 0 K from the Active Thermochemical Tables.   91 This large difference in the bond strengths makes rate constants for the C−H cleavages 4−5 orders of magnitude slower than those for the C−C cleavages and, hence, the cleavage of the C−C bonds is anticipated to be the dominant process in C 10 H 22 unimolecular decomposition (Figure 13a ). In the temperature range of 1000−1600 K and 1 atm, the rate constants for the C−C cleavages exhibit well-defined Arrhenius behavior and grow from few s −1 to 1−2 × 10 6 s −1
. These values are in accord with the experimental observations that only a small fraction of n-decane is consumed at 1100 K, but no parent molecules survive above 1500 K during the residence time, which is tens of microseconds. The computed rates to cleave different C−C bonds are close to each other, and grow to 3−6 × 10 7 s −1 at 2500 K, except for the one to produce CH 3 + C 9 H 19 , which remains more than an order of magnitude lower. The calculated relative product yields 1.6−1.7% for CH 3 Figure 11 . Carbon-to-hydrogen (C/H) ratios of the overall decomposition products of n-decane in temperatures range from 1100 to 1600 K. The red line indicates the initial C/H ratio of ndecane. The Journal of Physical Chemistry A Article C 5 H 11 + C 5 H 11 in the 1000−1600 K interval, exhibiting only slight temperature dependence up to 2500 K. Calculations at different pressures from 600 Torr to 100 atm show that the product branching ratios are practically independent of pressure. Summarizing, the pyrolysis of n-decane at 1500 K and above is predicted to predominantly produce a mixture of 1-alkyl radicals, from ethyl to 1-octyl, on the time scale of 1 μs or less. The higher 1-alkyl radicals appeared to be unstable at the experimental conditions and are subjected to a rapid C−C bond β-scission producing ethylene C 2 H 4 in conjunction with a smaller 1-alkyl. As seen in Figure 12 and Table 6 , the calculated barrier heights and reaction energies for the C−C bond β-scissions are 123−126 and 86−90 kJ mol , respectively. The computed rate constants for C−C bond β-scissions are approximately in the range of 10 7 −10 8 s −1 in the experimental temperature interval (Figure 13b) . Thus, the lifetimes of the primary dissociation products, 1-alkyl radicals, is shorter than 1 μs under the experimental conditions and they are predicted to rapidly decompose forming the ultimate products C 2 H 4 , CH 3 , and C 2 H 5 as detected experimentally via the stepwise mechanism shown below. The ethyl radical would further lose an H atom via a C−H bond β-scission producing ethylene. However, this mechanism cannot account for the experimental observation of higher 1-alkenes, especially propene and 1-butene, which are found among major pyrolysis products at 1100 K and are still significant up to 1400 K. One possibility to form 1-alkenes from 1-alkyl radicals is C−H bond β-scission, but the calculations show that C−H β-scission barriers are 20− 26 kJ mol −1 higher than the corresponding C−C β-scission barriers in 1-alkyls from C 3 H 7 to C 8 H 17 . The computed branching ratios for the C−H β-scission channels in C 4 H 9 -C 8 H 17 are very small and do not exceed 1−2% until the highest temperatures and pressures (2,500 K and 100 atm), where they (Tables S3−S6 ; Supporting Information). The relative yield of propene + H is higher from the n-propyl radical (C 3 H 7 ) and constitutes 3−4% at 1100−1600 K and 1 atm increasing to 6%, 9%, and 13% at 2500 K and pressures of 1, 10, and 100 atm, respectively. Thus, C−H bond β-scissions cannot explain the large experimental yields of propene and 1-butene at low temperatures since they are unfavorable compared to the β-scissions involving loss of ethylene (C 2 H 4 ) . In summary, C− C bond cleavages leading to 1-alkyl radicals are strongly favored compared to C−H bond rupture processes; the higher 1-alkyl radicals (>C2) do not survive under our experimental conditions and decay via successive C−C β-scissions (C 2 H 4 elimination), which dominate over C−H β-scission (alkene formation), to yield eventually the C1 to C2 hydrocarbons methyl (CH 3 ), ethyl, (C 2 H 5 ), and ethylene (C 2 H 4 ).
5.2. Hydrogen Migrations and Consecutive β-Scissions. Can the 1-alkyl radicals isomerize before they decompose by C−C bond β-scission? Isomerization channels involving 1,2-and 1,3-H atom shifts in C 3 H 7 and C 4 H 9 are not competitive because the corresponding hydrogen migration barriers are 157−162 kJ mol −1 , i.e., much higher than the C−C bond β-scission barriers. However, in higher 1-alkyl radicals, beginning from C 5 H 11 , a possibility of 1,4-H, 1,5-H, 1,6-H, and 1,7-H shifts eventually opens up ( Figure 14 ). For instance, 1-pentyl can isomerize to 2-pentyl via a 1,4-H shift, 1-hexyl can isomerize to 2-hexyl and 3-hexyl via 1,5-H and 1,4-H shifts, respectively, 1-heptyl can rearrange to 2-, 3-, and 4-heptyls via 1,6-H, 1,5-H, and 1,4-H shifts, respectively, and 1-octyl can isomerize to 2-, 3-, and 4-octyls via 1,7-H, 1,6-H, and 1,5-H or 1,4-H shifts, respectively. Typical calculated barrier heights for . These hydrogen shifts are followed by C−C β-scissions forming higher 1-alkenes rather than ethylene. For example, 2-pentyl dissociates to propene + C 2 H 5 , 3-hexyl decomposes to either 1-butene + C 2 H 5 or 1-pentene + CH 3 . The C−C β-scission barriers in nalkyls (n > 1) exhibit similar heights to those in 1-alkyls and hence all C−C β-scission channels are competitive. The calculated branching ratios presented in Tables S3−S6 of Supporting Information show large dependence on temperature and pressure. Qualitatively, at low pressures up to 1 atm, the products formed following a 1,5-H shift are preferable, but at high pressures of 10 and 100 atm the direct C−C β-scission from 1-alkyls producing ethylene (C 2 H 4 ) dominates. Earlier, similar isomerization channels involving H shifts followed by C−C β-scissions producing higher 1-alkenes were proposed by Tsang and co-workers for 1-hexyl 92 and 1-octyl 93 radicals. They derived high-pressure limit rate constants for decomposition and isomerization of hexyl and octyl radicals from shock tube measurements in the ∼850−1000 K temperature range and then deduced the pressure dependence from a semiempirical RKKM-ME analysis. A comparison of the present high-pressure limit rate constants (see Table S7 ) with those proposed by Tsang et al. shows general agreement within a factor or 2 or better in the experimental temperature range for various β-scission processes. However, deviations are found to be higher for the H shift reactions, for which the present calculations can overestimate the results reported by Tsang et al. by up to a factor of 5. A direct comparison of the branching ratios of various alkenes measured by Tsang et al. in the shock tube experiments from 1-hexyl and 1-octyl is not warranted due to the fast secondary reactions decomposing smaller alkyl radicals; the branching ratios shown in Tables S3−S6 are computed only for the primary decomposition. Clearly, detailed kinetic modeling, which can utilize the rate constants derived here (Table S7) , would be required for better description of the experimental data both in the shock tubes and in the pyrolitic reactor, but this is beyond the scope of the present work. In summary, the reaction mechanism involving hydrogen migration in C5 to C8 1-alkyl radicals preceding C−C β-scission accounts for the observation of C3−C7 alkenes [propene, 1-butene, 1-pentene, 1-hexene, and 1-heptene] as monitored in our experiments, and especially, for the large branching ratios of C 3 H 6 and C 4 H 8 at low temperatures. At temperatures of 1500 K and above the lifetime of a single C−C bond approaches 1 μs and hence higher alkenes are likely to decompose on the time scale of the experiment and their yield becomes insignificant. The Journal of Physical Chemistry A Article 5.3. Hydrogen Abstraction. The higher alkenes can be also produced by C−C bond β-scissions in n-decyl radicals (n > 1, see Figure 12 and Table 6 ). While n-decyls are unlikely to be formed by C−H bond cleavages in n-decane, they can be produced by direct hydrogen abstractions by hydrogen atoms or other radicals in the reactive system when such radicals become available. The calculated barrier heights and reaction exoergicities for the hydrogen abstraction reactions by hydrogen from secondary C−H bonds are ∼33 ( , respectively. The most accurate up-to-date calculations of hydrogen abstraction from C 3 H 8 and C 2 H 6 gave the reaction barriers and exoergicities as 32 and 27 kJ mol , respectively, for the secondary hydrogen abstraction, and 43−44 and 15−16 kJ mol −1 for the primary hydrogen abstraction. 94 The calculated rate constants for secondary hydrogen abstractions are similar to each other and are much higher than those for the primary hydrogen abstraction indicating that the most likely products are 2-, 3-, 4-and 5-decyl radicals (Figure 13c ). It is noteworthy that the rate constants for secondary hydrogen abstractions evaluated here agree best with the literature data (the most accurate calculations for C 3 H 8 94 and experimental data for C 3 H 8 , C 4 H 10 , and C 5 H 12 95,96 ) if the HLC correction is not taken into account, but for the primary hydrogen abstraction the agreement is better with the HLC correction. Still, the calculated rate constants for C 10 H 22 + H secondary hydrogen abstractions overestimate the literature values for C 3 H 8 from by factors of 2−2.5 at 500 K to factors 4−5 at 2500 K. For the primary hydrogen abstraction, the deviation is smaller and the C 10 H 22 + H rate constants underestimate those for C 3 H 8 + H by 20−50%. Apparently, a more rigorous anharmonic treatment of soft normal modes is required to generate more accurate hydrogen abstraction rate constants but this is beyond our goals in the present work. Here, our main conclusion that the secondary H abstractions are feasible and form n-decyl radicals (n > 1) with roughly equal yields. Once the n-decyl radicals are produced, they can rapidly undergo C−C bond β-scission to yield higher alkenes together with 1-alkyl radicals: The calculated barriers for these reactions are in the range of 121−126 kJ mol −1 and they are endoergic by 89−98 kJ mol −1 ; the energetic parameters are thus similar as those for C−C β-scissions in smaller alkyl radicals considered above. The rate constants calculated at 1 atm are close for all the reactions considered and indicate that the lifetime of the decyl radicals decreases from 0.1 to 0.2 μs at 1000 K to 3−5 ns at 1600 K (Figure 14d ). In summary, n-decyl radicals, which may be produced by hydrogen abstraction, can also undergo subsequent C−C bond β-scissions leading to experimentally observed alkenes: 1-butene, 1-pentene, 1-hexene, and 1-heptene.
DISCUSSION AND CONCLUSION
We combine now the experimental results with the electronic structure and rate constant calculations in an attempt to elucidate the (dominating) temperature-dependent decomposition pathways. The compiled mechanism of the pyrolysis is illustrated in Figures 15 and 16. 1 At the initial stage, n-decane decomposes by C−C bond cleavages (excluding the terminal C−C bonds) and produces C 8 H 17 + C 2 H 5 , C 7 H 15 + C 3 H 7 , C 6 H 13 + C 4 H 9 , and C 5 H 11 + C 5 H 11 , i.e., a mixture of C2 to C8 1-alkyl radicals from ethyl to octyl. 2 These alkyl radicals are unstable under the experimental conditions. They rapidly dissociate by two possible mechanisms: (a) C−C bond β-scissions to split ethylene (C 2 H 4 ) plus a 1-alkyl radical with the number of carbon atoms reduced by two and (b) 1,4-, 1,5-, 1,6-, or 1,7-H shifts followed by C−C β-scission producing alkenes from propene to 1-heptene in combination with smaller 1-alkyl radicals. The higher alkenes become increasingly unstable as the temperatures rises and the yield of propene and 1-butene, large at 1100 K, decreases. When the C−C β-scission continues all the way to the propyl radical, C 3 H 7 , it dissociates producing CH 3 + C 2 H 4 . This mechanism allows us to explain the appearance of the predominant pyrolysis products, C 2 H 4 , CH 3 , C 2 H 5 , C 3 H 6 , and C 4 H 8 (1-butene), as well as small yields of Figure 16 . Summary of global reaction mechanisms leading to primary reaction products in the decomposition of n-decane.
The Journal of Physical Chemistry A Article C 5 H 10 (1-pentene), C 6 H 12 (1-hexene), and C 7 H 14 (1-heptene). 3 At higher temperatures, hydrogen atoms can abstract hydrogen from C 10 H 22 to yield n-decyl radicals, while methyl (CH 3 ) can also abstract hydrogen or recombine with hydrogen to form methane. These n-decyl radicals can decompose via C−C-bond β-scissions to C3 to C9 alkenes. Hydrogen migration and β-scissions of radicals are important reactions in hydrocarbon decomposition. 97, 98 4 The remaining trace products, which account for a maximum of about 10%, can only be formed via higherorder reactions. In particular, the vinyl radical (C 2 H 3 ) and acetylene (C 2 H 2 ) can be produced via unimolecular decomposition of ethylene via sequential losses of atomic or molecular hydrogen elimination. 99 Alternatively, vinyl can originate from C−C single bond cleavage in higher alkenes: → + C H C H CH The allyl radical (C 3 H 5 ) can be formed by the primary C−H bond cleavage in propene or a single C−C bond cleavage in higher alkenes. Here, the allyl radical is wellknown to eventually decompose to allene (C 3 H 4 ), methylacetylene (C 3 H 4 ) and the propargyl radical (C 3 H 3 ). Finally, 2-butene can be formed by isomerization of 1-butene, 103 whereas 1,3-butadiene is a major dissociation product of the C 4 H 7 radical 104 which in turn can be produced by C−H bond cleavage in 1-butene 103 or by C−C bond cleavage in higher alkenes beginning from 1-pentene. Qi et al. 39 outlined that n-decane initially decomposed via C−C cleavage followed by β-scission of the C3−C9 radicals. Also, n-decane could be consumed by H-abstraction and subsequently produce smaller alkenes. These conclusions agree well with our results. It is important to place these findings in broader context and in particular to compare those results with previous experimental studies on the decomposition of decane (Table  S1 ). First, previous investigations provided important information on the synthesis of closed-shell hydrocarbon intermediates and products as derived mainly from off-line and ex situ (HPLC, GC MS) analysis of the decomposition products. This limits the detection of thermally unstable intermediates as well as hydrocarbon radicals in previous studies. On the other hand, the present investigation to photoionize the decomposition products online and in situ presents a unique approach to provide for the f irst time a complete set of decomposition products including thermally stable and also unstable products (radicals). Recall that photoionization represents a versatile tool to ionize decomposition products. Second, we explored the decomposition products on the microsecond time scale, i.e., the initial decomposition products. Previous experiments (Table 1) have experimental time scales in the order of a few milliseconds; this extended time scale is very unfavorable for thermally unstable products and in particular for radicals; this means that although hydrocarbon radicals are initially formed, they do not all survive on the millisecond time scale in the reactors and shock tubes ( Table 1) . Therefore, the present investigation provides a complete inventory of radicals formed in the initial stage of decomposition, which de facto supply the radical pool for further oxidation of the fuel. Third, the short residence time in the present experiments also excludes undesired mass growth processes. This works presents a template of further investigations on the decomposition of JP-8 surrogates and also related to real jet fuel such as JP-10.
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